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(57) Abstract 



Relatively weak light signals are detected by a reverse biased photo<letector (10, 30, 50, 70) that is a semiconductor 
diode including a transparent, electrically conductive front contact (24) formed of a thin film of a transparent, electrically 
conductive oxide, a body (20) of disordered silicon including three layers (21, 22, 23), the outer layers (21, 22) being oppo- 
sitely doped and the central layer (23) being substantially intrinsic, and a second, rear contact (13) disposed on silicon 
body (20) opposite the front contact (24), and monitoring changes in the current flowing through the reverse biased diode 
relative to the dark current of the diode. In order to achieve desired quantum efficiencies in the spectral region from 
200-400 nm, the oxide film is less than 50 nra in thickness and most preferably is about 15 to 30 nm in thickness. The pho- 
todetection method is particularly effective at elevated temperatures where its noise is significantly less than that of known 
photodetectors. 



JNSDOCIO: <WO 8903S93A1_I_> 



FOR THE PURPOSES OF INFORMATION ONLY 



appli- 



AT 


Austria 


AU 


Australia 


BB 


Barbados 


BE 


Belgium 


BG 


Bulgaria 


BJ 


Benin 


BR 


Brazil 


CF 


Central African Republic 


CG 


Congo 


CH 


Switzerland 


CM 


Cameroon 


DE 


Germany, Federal Republic of 


DK 


Denmark 


n 


Finland 



FR France 

GA Gabon 

GB United Kingdom 

HU Hungary 

IT Italy 

JP Japan 

KP Democratic People's Republic 

of Korea 

KR Republic or Korea 

LI Liechtenstein 

IK Sri Lanka 

LU Luxembourg 

MC Monaco 

MG Madagascar 



ML Mali 

MR Mauritania 

MW Malawi 

NL Netherlands 

NO Norway 

. BO Romania 

] SD Sudan 

SE Sweden 

SN Senegal 

SU Soviet Union 

TD Chad 

TG Togo 

US United States of America 



300CIO: <WO B903S93AtJ_> 



WO 89/03593 PCT/US88/03579 



LOV NOISE PHOTODETECTION AND PHOTODETECTOR THEREFOR 

TECHNICAL FIELD 

This invention relates to photodetectors, 
and more particularly to crystalline silicon photo- 
detectors for the detection of light in the ultra- 
5 violet region of the electromagnetic spectrum. 

BACKGROUND ART 

Crystalline silicon photodetectors have been 
widely used for the detection of light in the visible 
and near infrared regions of the electromagnetic 
10 spectrum. Unless special structures are employed, the 
crystalline silicon photodetectors generally do not 
respond well in the ultraviolet (UV) region of the 
electromagnetic spectrum. 

Ultraviolet light detectors have become of 
increasing importance with the development of short 
pulse lasers producing electromagnetic radiation in 
the ultraviolet or near ultraviolet wavelength region 
of the electromagnetic spectrum. 

Crystalline silicon ultraviolet detectors 
typically include an intrinsic, i.e., effectively 
undoped, region sandwiched between oppositely doped, 
i.e., one p-type and one n-type, layers. The light to 
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be detected enters through one of the doped regions 
and some of the unabsorbed light that reaches the 
intrinsic region produces charge carriers that are 
collected as an indication of the presence of ultra- 
violet light. The response and efficiency of these 
crystalline detectors are limited by the quantity of 
light absorbed in the "front" doped region through 
which the light must pass in order to reach the in- 
trinsic region. 

In order to achieve the doping level neces- 
sary for good performance, that "front" doped region 
must have a thickness of several hundred nanometers 
(nm), but the strong absorption of ultraviolet light 
in a crystalline front region of that thickness limits 
the quantum efficiency of crystalline silicon detec- 
tors. In addition, crystalline silicon detectors show 
some instability after exposure to ultraviolet light. 

Crystalline silicon photodetectors exhibit 
dark currents, i.e., the current that flows when a 
reverse bias voltage is impressed on the diode and no 
illumination falls on the- diode, that become, for many 
applications, unacceptably large. Generally, a large 
dark current implies a relatively large noise level 
As noise level increases, the sensitivity of a photo- 
detector necessarily declines. 

Because of the poor UV spectral response of 
crystalline silicon photodetectors, and to overcome 
the quantum efficiency limitations in crystalline 
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silicon ultraviolet light detectors, materials other 
than silicon are employed in some ultraviolet detec- 
tors. For example, Schottky barrier photodiodes 
employing gallium arsenide phosphide are commercially 
available and are sometimes employed as UV detectors. 
The Schottky barrier photodetectors exhibit desirably 
low dark currents and good UV stability. However, 
these results are achieved at the expense of UV sen- 
sitivity. Furthermore, these alternative material 
photovoltaic detectors of ultraviolet light are expen- 
sive because of the materials employed. 

Other ultraviolet light detectors are also 
known. A summary of the state of the art appears in 
two articles by Wilson and Lyall published in 24 
Applied Optics 4530-45 46 (December 1986). None of the 
available detectors achieves low cost, long term 
stability and high efficiency. 

Accordingly, it would be useful to provide a 
low cost, high efficiency, solid state, photovoltaic 
20_Jetector of ultraviolet radiation that is stable over 
tii^--j^_addition, there is a need for a photodetec- 
tor and a photodetection method that can be used in 
any selected region of the electromagnetic spectrum, 
from UV to infrared, and that has low noise charac- 
teristics to maximize sensitivity. Preferably, the 
photodetector and method of photodetection are usable 
at elevated temperatures where the dark currents of 
known photodetectors increase unacceptably . 
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DISCLOSURE OF THE INVENTION 

In the invention a low noise, solid state, 
photovoltaic detector for detecting relatively weak 
light signals employs a body of amorphous silicon. 
Electrical contacts are disposed on opposite sides of 
the structure, including, on the light incident side, 
a thin, transparent, electrically conductive light- 
transmissive film of an electrically conducting oxide, 
such as tin cxide or indium oxide doped with tin. In 
order to maximise quantum efficiency, the oxide film 
is no thicker than about 50 nm and, most preferably, 
is about 15 to 30 nm thick. The oxide film forms a 
first contact. 

In one embodiment, the amorphous silicon 
15 body includes a p-i-n structure. The silicon body 
includes three layers serially disposed on the first 
contact, transversely to the direction of incident 
light, including two outer layers doped n-type and p- 
type, respectively, and a central layer that isjsub— 
20 stantially intrinsic in conductivity . typeT""'*A"second 
contact is disposed on the silicon body opposite the 
first contact. in this embodiment, the doped amor- 
phous silicon region adjacent the oxide film is only 
tens of nanometers thick so that little ultraviolet is 
25 lost in the doped front region. As a result, detector 
efficiency is improved, even over that achieved with 
exotic materials such as gallium arsenide phosphide. 
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Preferably, the front doped layer i s a doped micro- 
crystalline form of amorphous silicon. 

When employed as a photodetector , a reverse 
bias voltage is impressed across the diode through the 
first and second contacts and changes in current 
flowing through the diode are measured. Changes in 
that current with reference to the dark current of the 
diode are an indication of the presence of incident 
light and of its intensity. 

A p-i-n photovoltaic detector according to 
the invention may be disposed on a glass substrate 
coated with a conductive tin oxide film as a rear 
contact or may be directly disposed on an electrically 
conducting substrate, such as a metal, a metallic 
alloy like stainless steel, or silicon, that forms the 
rear contact. Because of the relatively strong ab- 
sorption by amorphous silicon of ultraviolet light, 
the light-absorbing intrinsic region need be no more 
than about 250 nm in thickness, but may be thicker. 

An encapsulated embodiment of the invention 
includes a header, or other support cn which a p-i-n 
amorphous silicon photovoltaic detector is disposed 
The header provides the back electrical contact and an 
oxade film provides the front electrical contact 
25 Th 1S embodiment is prepared by depositing the oxide 
film on a quartz substrate and then attaching the 
detector to a header for encapsulation. 
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In yet another embodiment of the invention, 
the amorphous silicon body is a doped film disposed on 
a crystalline silicon layer of the opposite conduc- 
tivity type. Because the amorphous silicon film 
absorbs less ultraviolet light than a crystalline 
counterpart, the sensitivity is enhanced over that of 
a totally crystalline detector. 

In the invention, because of the extreme 
thinness of the front oxide layer, it is important 
that the cxide have a relatively low resistivity. In 
addition, it is desirable to deposit a highly conduc- 
tive, metallic current collection layer on a portion 
of the oxide layer. The optical transmission charac- 
teristics of the oxide film can be altered by deposit- 
ing on it another film or films of transparent mater- 
ials such as silicon dioxide, silicon nitride, mag- 
nesium fluoride or calcium fluoride. 

The first layer of the silicon body upon 
which light falls may be nicrocrystal line for good 
transmission of light to the substantially intrinsic 
ively, the silicon body may be amor- 
phous silicon throughout. The thickness of the layers 
of the silicon body and of che first contact may be 
adjusted to improve photodetector sensitivity in a 
selected spectral region. The photodetector may be 
connected to an amplifier that is disposed on the same 
mounting body with the detector to reduce the length 
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of interconnections between the amplifier and photo- 
detector to combat noise and to maintain the detector 
and amplifier at similar temperatures. 

Photodetectors and photodetection according 
to the invention exhibit', at room temperature, lower 
noise than crystalline silicon photodetectors and 
noise levels comparable to those of gallium arsenide 
Phosphide photodetectors. As the temperature of the 
photodetector increases, the novel devices and method 
exhibit far lower noise than the. known photodetectors. 



BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a sectional view of an ultraviolet 
responsive device according to the invention,- 
15 FIG - 2 is a sectional view of another em- 

bodiment of an ultraviolet responsive device according 
to the invention; 

FIG. 3 is a sectional view of a. third em- 
bodiment of an ultraviolet responsive device according 
20 to the invention: 

FIG. 4 is a graph of the quantum efficiency 
as a function of wavelength of various ultraviolet 
responsive devices including some devices according to 
the invention; 

25 FIG - 5 is a graph of the quantum efficiency 

of a device according to the invention and having a 
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relatively thick light-absorbing layer, before and 
after exposure to sunlight and of a reference ultra- 
violet responsive device. 

FIG. 6 is a graph of the quantum efficiency 
5 as a function of wavelength of a device according to 
the invention and having a light-absorbing layer, 
before and after exposure to sunlight and ultraviolet 
light and of a reference ultraviolet responsive de- 
vice. 

10 FIG ' 7 is a sectional, schematic view of 

another embodiment of a photodetector according to the 
invention. 

FIG. 8 is plot of dark current density 
versus voltage for several photcdetectors including a 
15 photodetector according to the invention. 

FIG. 9 is a plot of the reverse bias voltage 
versus current characteristics of a photodetector 
according to the invention as a function of tempera- 
ture. 

FIG. 10 is a plot of the current versus 
reciprocal temperature characteristics of a photo- 
detector according to the invention as a function of 
reverse bias voltage. 
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FIG. 11 is a schematic diagram of circuitry 
employed in comparing the noise characteristics of the 
novel photodetector to the noise characteristics of 
known photodetectors . 

FIGS. 12A and 12B are plots of the calcu- 
lated noise currents of the novel photodetector and o* 
known photodetectors for different frequency band- 
widths as a function of temperature. 



BEST MODE OF CARRYING OUT THE INVENTION 

Three embodiments of structures of novel 
Photovoltaic devices are illustrated in cross section 
m FIGS. 1, 2 and 3. Each of these devices is photo- 
voltaic. That is, each device produces an electric 
current and/or a voltage in response to the incidence 
of electromagnetic radiation, particularly in fhe 
ultraviolet portion of the spectrum. As with other 
Photovoltaic devices, the ultraviolet responsive 
devices of the present invention may be operated with 
Pr_without an external voltage applied, m the former 
case, the incidence of ultraviolet radiation is indi- 
cated by the generation of an open circuit voltage or 
a closed circuit current flow. m the latter case an 
external voltage is impressed across the electrical 
contacts of the device to enhance current collection 
The external voltage creates an electric field within 
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the device that aids in collecting charge carriers 
produced within the device in response to the inci- 
dence of ultraviolet radiation. As used here, the 
term ultraviolet radiation means short wavelength 
light that is not visible to the naked eye, particu- 
larly in the spectral wavelength range from about 200 
nm to 400 nanometers (nm). 

The ultraviolet responsive device 10 of FIG. 
1 includes electrical terminals 11 and 12 for external 
electrical contact to the device. Terminal 11 is 
connected to an electrically conductive layer 13 that 
is referred to as the rear contact. The rear contact 
lies at the deepest portion of the device with respect 
to the direction of incident electromagnetic energy. 
Layer 13 is an electrically conductive material either 
in the form of a film or a bulk material. For exam- 
ple, contact 13 may be a thin layer of tin oxide that 
is dxsposed on an electrically insulating substrate 14 
that provides mechanical support. For example, sub- 
strate 14 may be glass. Substrate 14 may also be a 
metal header and layer 13 may be a metal alloy, an 
adhesive or another material that forms, an ohmic 
contact and/or mechanical bond between substrate 14 
and an amorphous silicon body 20. Alternatively, as 
indicated in FIG. 2, contact 13 may be a metal, a 
metal alloy such as stainless steel, or crystalline or 
Pdycrystalline silicon directly in contact with 
amorphous silicon body 20. 
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Amorphous silicon body 20 includes two 
oppositely doped regions 21 and 22 sandwiching an 
intrinsic region 23. Body 20 is disposed on contact 
13. Regions 22, 23 and 21 -are arranged serially so 
that incident light passes through them in that order. 
For clarity. FIG, 1 (and FIGS. 2 and 3) are not drawn 
tc scale. Generally, the doped regions 21 and 22 are 
very thin, on the order of 10 nm. One of those 
regions incorporates an impurity, giving it a p-type 
conductivity, and the other region incorporates a 
different impurity, giving, that region an n-type 
conductivity. Region 23 contains either no impurity 
or some compensating impurity that provides that 
region with a relatively high resistivity that may be 
weakly n-type or p-type in conductivity character, but 
substantially favors neither. of those types of conduc- 
tivity. 

As understood in the art, the amorphous 
silicon described here contains hydrogen and/or 
another dangling bond terminating element in a suffi- 
cient concentration so that its electronic qualities 
are acceptable for the novel ultraviolet detector. 
That is, the amorphous silicon is of the same type and 
quality required for solar photovoltaic applications. 
As used here, the term amorphous silicon encompasses 
not only the traditional amorphous material that lacks 
any long-range atomic order, but also microcrystalline 
materials that contain tiny crystallites within a 
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surrounding disordered matrix. Preparation of micro- 
crystalline silicon is well known and was described 
for example, by Vanier, et al . in 66 J. of WonCrystall 
line Solids 31ff (1984). 

In accordance with the usual operation of an 
amorphous p-i- n photovoltaic structure, incident light 
passes through the front region, here region 22 
without substantial absorption and generates charge 
carriers in region 23. By virtue of the built-in 
electric field inherently produced by the structure 
or as enhanced by an external voltage applied across 
terminals 11 and 12. those charge carriers are at- 
tracted from region 23. Most of those light-generated 
carriers are collected in regions 21 and 22 and pro- 
duce either a voltage at terminals 11 and 12 or a 
current flowing through those terminals. Generally 
region 23 is substantially thicker than regions 21 and 
22 because it is desired that most of the Ugh* ab- 
sorption and charge generation take place in region 
2,- Region 23 is preferably on the order of 250 nm in 
thickness, but may be thicker or thinner. 

Microcrystailine silicon has better light 
transmissivity. i.e., lower absorption, and is gener- 
ally more easily doped ^ totany d . sordered sii ._ 

con. Therefore, it is preferred in some embodiment 
of the invention that region 22, the front or window 
region, -be microcrystailine silicon. The window 
region may be either p-type or n-type and may be 
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heavily doped so as to be referred to as p+ or n+. In 
addition, carbon or nitrogen may be added to the 
window region to increase its energy band gap. The 
additional element can be advantageously used to form 
P+ amorphous silicon carbide or n+ amorphous silicon 
nitride without the necessity of achieving perfect 
stoichiometric proportions. The increased band gap 
reduces light absorption in the window region. 

A thin film 24 of an electrically conduc- 
ting, light-transmissive material is disposed on body 
20 opposite layer 13 as a front contact. Thin film 24 
is adjacent to and in touching contact with region 22 
of body 20. Film 24 is referred to as the front 
contact since it lies at the top of the device with 
15 respect to the direction of the incident light. The 
function of film 24 is to provide an electrical con- 
tact for terminal 12 of the device, yet to absorb as 
little ultraviolet light as possible in order not to 
reduce the sensitivity of the device. 

An appropriate material for thin film 24 is 
a light-transmissive, electrically conducting oxifce. 
Preferred oxides are indium oxide doped with a metal, 
preferably tin, and tin oxide. Indium tin oxide (ITO) 
is preferred when the oxide film is deposited after 
25 the amorphous silicon body has been deposited, because 
ITO can have a lower resistivity than tin oxide. 
However, when the device is prepared by depositing the 
amorphous silicon body on the front contact, a tin 
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oxide film is preferable over ITO. Indium in an oxide 
film can dope or otherwise adversely affect the subse- 
quently deposited amorphous silicon body and is pref- 
erably avoided. Conversely, depositing microcrystal- 
line silicon on an oxide film can adversely affect the 
film. Therefore, when the amorphous silicon body is 
deposited cn an oxide film, it is preferred that 
microcrystailine silicon not contact the oxide film. 

It is important that oxide film 24 be very 
thin, less than 50 nm and, most preferably, about 15 
to 30 nm, in thickness. Because film 24 is so thin, 
it is important that its electrical conductivity be as 
high as possible to minimize resistive losses when 
current flows laterally through the film. To enhance 
current collection and minimize resistive losses, a 
metallic current collector 25 is disposed on part' of 
film 24 opposite body 20. Current collector 25 occu- 
pies as little of the surface of film 24 as possible 
to limit obscuring of body 20 from incident ultra- 
20 violet light. Collector 25 may be in the form of a 
grid or, more preferably, may be peripherally disposed 
ar^md.ihe area of the novel detector. For example 
collector 25 may be annular in a device having a 
circular cross section transverse to the direction of 
25 incident light. 

FIG. 1 also illustrates a second embodiment 
of the invention that permits easy encapsulation. In 
FIG- 1, a glass substrate or superstate 26 is shown 
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lying over and in contact with film 24. Superstrate 
26 must be highly transparent to ultraviolet light if 
the detector is to function as intended. High silica 
content glass, such as quartz, may be used as super- 
strate 26. m this embodiment, the detector is con- 
structed in reverse order from the embodiment 
described above. Film 24. which, as mentioned above, 
is preferably tin oxide in this embodiment, is de- 
posited on superstrate 26. Thereafter, amorphous 
silicon body 20 is deposited by a conventional glow 
discharge technique. As discussed, it is preferable 
in this embodiment that the region of silicon body 20 
contacting film 24 not be microcrystal 1 ine . However, 
the amorphous silicon region contacting the oxide film 
may contain a band gap increasing agent, i.e.. may be 
amorphous silicon carbide or amorphous silicon 
nitride. 

In this alternative embodiment of FIG. 1, 
substrate 14 may be a conventional semiconductor 

20 device header. Layer 13 may be an electrically con- 
ducting metal alloy or adhesive that forms an ohmic 
contact and mechanical bond between silicon body 20 
and header 14. Alternatively, an electrically insu- 
lating mechanical bond might be formed between layer 

25 13 and a header. Vires extending from the front and 
rear contacts may be bended to electrically conducting 
posts extending from the header. 
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The header mounted device can be enclosed in 
a container bonded to the header or encapsulated in an 
electrically inert material in accordance with long 
established processes. As discussed in more detail 
below in connection with FIG. 2, one or more anti- 
reflection transparent layers 31 may be deposited on 
superstrate 26 opposite film 24. Calcium fluoride and 
magnesium fluoride may be employed in anti-reflection 
films 31. 

Another embodiment of an ultraviolet detec- 
tor 30 according to the invention is shown in cross 
section of FIG. 2. (In all figures like elements are 
given the same reference numbers.) m device 30, rear 
contact 13 comprises an electrically conductive mater- 
ial that also provides mechanical support, i.e., is a 
substrate. Rear contact 13 may be a metal, a metallic 
alloy such as stainless steel, or single crystal or 
polycrystalline silicon. Particularly when rear, 
contact 13 is crystalline silicon, its surface on 
which the amorphous body 20 is disposed may be tex- 
tured or grooved to diffuse incident ultraviolet 
radiation that reaches the contact and is reflected 
from it., since most of the incident ultraviolet light 
is absorbed before reaching the rear contact, textur- 
ing is most effective in trapping externally incident 
light rather than internally reflected light. a 
textured or grooved substrate can produce surface 
teatures in the amorphous silicon body and oxide 
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layer. Reflected incoming light may strike a surface 
of a feature one or more times improving the prob- 
ability of its absorption. Texturing of a crystalline 
rear contact may be achieved by chemically etching the 
contact with a preferential etch to expose crystalline 
Planes lying at oblique angles. These etches general- 
ly produce pyramidal facets. Alternatively, grooves 
can be formed with chemical etching of selected areas 
using conventional lithographic processes. 

In detector 30, a second 1 ight-transmissive 
film 31 has been deposited or. thin film 24. The 
thicknesses and the respective indices of refraction 
of films 31 and 24 affect the optical characteristics 
of the light-transmissive layer they comprise By 
adding film 31, the layer comprised of films*24 and 31 
can be optically tuned. in that tuning, ootical 
interference effects can be employed to reduce reflec- 
tion of particular wavelength ranges of the electro- 
magnetic spectrum. use of optical interference ef- 
20 fects in thin films is well understood in the art 
Film 31 may be composed of one or more strata of a 
number of light-transmissive materials such as silicon 
dioxide, silicon nitride, magnesium fluoride or cal- 
cium fluoride. single or multiple overlyina. ant<- 
2^ reflection films can also be used with the devices of 
FIGS. 1 and 3. 
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A third embodiment 50 of an ultraviolet 
detector is shown in cross section ^ ^ 3 

tor 50 includes a crystalline silicon substrate 13 
wxth a deposited metal contact 36 to which terminal 11 
xs e e ctrically attached. Contact 36 may be an alumi- 
num xi« annealed to form an ohmic contact and/or back 
surface field reflector. Amorphous silicon body 20 is 
a film of a particular conductivity type silicon 

13 u of the opposlte con j ct /- y 

betl' r th3t " """^ 3»ctio„ ls estabUshed 
between then,. A conductive oxide , ayer 24 ls disoo=ed 
on amorphous body 20. 

tike films 24 in detectors 10 and 30. light- 
tra„ sml ssive film 24 in detector 50 ^ 

: s I ana is preferaMy ab °" 15 - " - '» 

ness. Because doping efficiencies in amorphous sili- 
con are higher than in crystalline silicon, bodv 20 
can ^relatively thin, about 10 „m. „ lt hout sacrifice 
in performance. The thinness of hody 20 reduces light 

it:;;::: that overau —™ is 

over a totally crystalline detector. As described ir 
con tl wlth aetector3 , 10 ^ J££ 

that bo y 20 in detector. 50 be microcrystalline s li 
totally disordered amorphous silicon. Body 20 may 

carb 0 ;r al ; a band gap -«« ••«" « 

form a 1 ^ B °* 2 ° be ll * -P.* to 

a p + or n+ regiM . Kost preferaMyi ^ 2o 
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microcrystalline n+ region and substrate 13 is a p- 
type silicon. 

As already described, body 20 may contain 
pyramidal facets or grooves in order to improve per- 
5 formance. These textures aid in the capture of inci- 
dent light by producing multiple reflections that 
ultimately direct light into the substrate that would 
otherwise be lost. These textures can be formed as 
described above in connection with FIG. 2. 

10 A particular advantage of the 

amorphous/crystalline silicon embodiment 50 of the 
invention lies in its wide spectral response range. 
Because crystalline silicon has an inherent red 
response, the amorphous/crystalline silicon device has 

15 a response that extends from the ultraviolet, through 
and beyond rhe visible range. This embodiment • i s a 
wide spectral response electromagnetic energy detec- 
tor. 

Amorphous silicon photovoltaic devices 
having two general structures, both similar to devices 
10 and 30, yet substantially different from the pres- 
ent invention, have been employed for sometime for 
converting sunlight to electricity. Howevef-.-r-hoth of 
those known types of solar photovoltaic devices ~are~~"" 
25 unsatisfactory as ultraviolet light detectors. 

One type of those solar cells uses an opaque 
substrate on which an amorphous silicon p-i-n device 
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is disposed. Those devices generally include a rela- 
tively thick ITO contact. That front contact is at 
least 60 nm in thickness, and usually is thicker. 
This relatively thick film is employed to reduce 
resistive current collection losses that can be exper- 
ienced in thin films and to avoid optical interference 
effects in the visible light spectrum. However, the 
ultraviolet light absorption characteristics of ITO 
prevent efficient transmission of the incident ultra- 
violet light through layers 60 nm or more in thick- 
ness. Ultraviolet light absorbed in the front contact 
cannot enter these devices and therefore cannot gener- 
ate any useful photovoltaic response to ultraviolet 
light. The failure of amorphous silicon solar photo- 
voltaic cells of this type as ultraviolet light detec- 
tors is demonstrated in FIG. 4. 

The other known amorphous silicon solar cell 
structure conventionally employs a non-quartz glass 
substrate, a tin oxide film and a p-i- n structure 
receiving light in that order. Because the conven- 
tional glass substrate and tin oxide film are, to- 
gether, strong^abs^b^^f^itraviolet light, little 
Jfjt^n'-feach the "photovoltaically active amorphous 
silicon. 

In FIG. 4. the measured quantum efficiency 
of various structures is plotted against the wave- 
length of incident light. These response charac- 
terises were measured by training light of a narrow 
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bandwidth on the various tested devices and scanning 
the wavelengths of the incident light over the range 
indicated on the abscissa, namely from 200 nm to about 
800 nm. As noted above, the region of interest is the 
non-visible ultraviolet light region from 200 nm to 
400 nm. The quantum efficiency is plotted on the 
ordinate in relative terms representing the number of 
electrons generated for each incident photon. To 
provide a reference response, the characteristics of a 
commercially available Schottky barrier, gallium 
arsenide phosphide ultraviolet detector were measured. 
That measured reference response is plotted as curve a 
in FIG. 4. The gallium arsenide phosphide Schottky 
barrier detector was manufactured in Japan by 
15 Hamamatsu. 

Photovoltaic structures according to the 
invention were prepared employing glass substrates 
coated with tin oxide on which an amorphous silicon 
body was deposited. The amorphous silicon body was 
deposited by a conventional glow discharge technique. 
Regions of n-type, intrinsic and p-type amorphous 
silicon were deposited in that order. The intrinsic 
regions deposited ranged from about 250 to about 500 
nm in thickness. Because of the light absorption 
characteristics of amorphous silicon, essentially no 
more light is absorbed in a 500 nm intrinsic region 
than is absorbed in a 250 nm intrinsic region. As 
discussed below, thinner intrinsic region devices 
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exhibit better stability than detectors with thick 
intrinsic regions. 

The response curves of FIG . 4 were obtained 
from devices having 500 nm thick intrinsic regions 
The doped regions were about 10 nm thick. A high 
quality layer of ITO was deposited on top of the p- 
type amorphous silicon. The ITO had a resistivity of 
aoout 2 x 10-4 ohjn _ CJa , Dlfferent tMckneS3es Qf m 

nlms as front contact were deposited on the amorphous 
sincon bodies. m FIG . 4, the response curves cor- 
respond to the respective thicknesses of the front 
contacts : 



15 



Curve 
b 
c 
d 
e 



ITO Thickness (nm) 
50 
30 
20 

12.5 



Focusing on the responses in the soectrai 
regxon from 200-400 nm, it can be seen that for ov*r 
hair of that range quantum efficiencies are iow-r for 
curves b and c than for the reference gallium arsenide 
Phospnide device, curve a. By contrast, the auantum 
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efficiencies represented by curves d and e are, over 
the spectral region of interest, substantially the 
same as or better than that of the reference gallium 
arsenide phosphide device. Curve c shows quantum 
efficiencies over the upper half of the spectral range 
of interest that are so much better than the reference 
detector that they compensate for the poorer response 
in the lower half of the range. 

Curves c, d and e demonstrate that ultra- 
violet detectors in accordance with the invention can 
be constructed providing improved sensitivity and 
quantum efficiencies compared to those of the refer- 
ence device, provided the ITO front contact has a 
thickness not exceeding about 50 nm. Substantially 
15 improved quantum efficiencies and sensitivities are 
achieved if the ITO thickness is about 15 to 30 nm. 
These results further demonstrate that conventional 
amorphous silicon photovoltaic cells having ITO front 
contacts at least 60 nm in thickness are not useful as 
ultraviolet light detectors. 

It is well known that many amorphous silicon 
devices show changes in performance upon lengthy expo- 
sure to solar energy, while the devices of the pres- 
ent invention are generally not directed to the ab- 
sorption of light from the solar spectrum, an embodi- 
ment of the invention was exposed to a standard AMI 
simulated solar spectrum. (AMI solar radiation repre- 
sents light having the intensity and spectral content 
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reaching the surface of the earth when the sun is 
positioned at the zenith transmitting its light 
through a standard atmosphere.) Response curves a and 
e representing the quantum efficiency of the reference 
device and of an embodiment of the invention employing 
an ITO front contact of 125 nm thickness, respective- 
ly, are plotted in FIG. 5. These are the same 
response curves that appear in FIG. 4. The novel 
device was subjected to 15 hours of AMI light, result- 
ing in a shift of curve e to quantum efficiency curve 
f of FIG. 5. Some decrease in the quantum efficiency 
of the device within the spectral region of interest 
is evident in the shift, but the response remains 
comparable to that of the reference device. 

The device producing curves e and f in FIG. 
5 has an intrinsic amorphous silicon region about 500 
nm in thickness. In the amorphous silicon art it is 
believed that the device efficiency decline over time 
attributed to the so-called Staebler-Wronski effect 
can be reduced by increasing the electric field in the 
light-absorbing intrinsic region. One method of 
increasing the field is reduction of the thickness of 
that region. A thinner intrinsic region also improves 
the current collection efficiency because the charge 
25 carriers have a shorter distance to travel before 
collection. 

Additional embodiments of the invention 
having reduced thickness intrinsic regions were 
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prepared. in these devices, the thickness of the 
intrinsic region within the amorphous silicon body was 
reduced to about 250 nm. The thickness of the ITO 
layer was 20 nm. As noted above, very little dif- 
ference in the quantity of ultraviolet light absorbed 
in the intrinsic region results when the thickness of 
that region is reduced to 250 nm from 500 nm. 

The quantum efficiencies before and after 
light exposure are plotted in FIG. 6 for an example of 
the device having a 250 nm thick intrinsic region. 
Curve g is the measured quantum efficiency as a func- 
tion of wavelength for the device, before significant 
solar light exposure. (Curve a is the efficiency of 
the reference gallium arsenide phosphide device.) 
After exposure of the. device to AMI radiation for 30 
hours, the efficiency shifted to curve h. Thereafter, 
the device was exposed to ultraviolet light from a low 
pressure mercury vapor lamp for 20 hours. This ex- 
posure resulted in another shift to efficiency curve 
20 to i. Before measurement of curve i, a recal ibration 
of the instrumentation was required. The recalibra- 
tion introduced a small error that is large enough to 
account for the small variations between curves h and 
i. In other words, the device with the 250 nm intrin- 
sic region exhibited a very stable quantum efficiency 
after extended solar and ultraviolet light exposure. 

The measured results of FIGS. 4-6 demon- 
strate that the invention provides a photovoltaic 



MSOOCtD: <WO 8903593A1J. 



WO 89/03593 



PCT/US88/03579 



26 



10 



15 



20 



25 



ultraviolet responsive device having quantum efficien- 
cies and stability as good as or better than those of 
existing commercial devices, and at lower cost. The 
ultraviolet detector performs well because its front 
contact oxide film is kept very thin. The long term 
stability of the detector is enhanced in a p-i- n 
structure embodiment by minimizing the thickness of 
the intrinsic region. 

Another schematic, sectional view of a 
Photodetector 70 according to the invention is shown 
m FxG . 7. The photodetector 70 shown in FIG. 7 is 
similar to the photodetectors 10, 30 and 50 shown in 
FIGS. 1, 2 and 3, and includes electrical leads 11 and 
12 for applying a bias voltage to the photodetector. 

Photodetector 70 includes a body of disor- 
dered silicon 20 composed of three layers 21, 22 and 
23. As indicated in FIG. 7, outside layers 21 and 22 
are generally thinner than central layer 23, althouah 
FIG. 7 is not drawn to any scale and layer thicknesses 
are shown disproportionately for clarity. Disordered 
silicon body 20 forms a p-i- n diode of known struc- 
ture. Layers 21 and 22 are intentionally doped and 
are of opposite conductivity types. That is, one of 
layers 21 and 22 is n-type and the other is p-type 
Layer 23 is substantially intrinsic type, meaning that 
xt has a relatively high resistivity and may be weakly 
n-type or p-type. 
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Body 20 lies between and contiguous to a 
front contact 24 and a rear contact 13. Front contact 
24 is a transparent, electrically conductive oxide, 
such as indium tin oxide or tin oxide or films of both 
5 oxides. m the latter case, a thin film of tin oxide 
may be used to prevent diffusion of indium from indium 
tin oxide into body 20. Contact 13 may also be a thin 
layer of a transparent, electrically conductive oxide 
or may be a metal, such as stainless steel. m the 
10 former case, a substrate 14 provides support for 
photodetector 70. As seen in FIG. 7, layers 22, 23 
and 21 are arranged serially on front contact' 24, 
transversely to the direction of incident light that 
enters body 20 through contact 24. 

In the foregoing and following discussion, 
the terms disordered silicon and amorphous silicon are 
used. As understood by those of skill in the art, 
microcrystalline and amorphous silicon are useful in 
electronic devices only when an element or elements 
for electronically passivating dangling bonds is 
included. Examples of passivating elements that may 
be present separately or in combination are hydrogen 
and fluorine. The term light as used in this descrip- 
tion refers broadly to electromagnetic radiation ex- 
tending from the UV region (wavelengths of about 200 
nanometers or more) through the infrared region (wave^ 
lengths up to about 1 micron) and is not limited to 
the visible spectrum. 
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As previously described, the thickness of 
front contact 24 can dramatically affect the spectral 
response of photodetector 70. As disclosed there in 
order for photodetector 70 to respond desirably to UV 
- lig*t. front contact 24 should be thinner than about 
30 nanometers (nm) . Thicker layers of a transparent 
electrically conductive oxide may be used in photo- 
detector 70 when visible and/or infrared light is 

io be detected - without concern f - 

10 in those instances, front contact 24 should 

be thicker than 30 nm and should preferably be 60 to 
80 nm in thickness. 

The thickness of layer 22 affects the amount 
of incident light transmitted through front contact 2. 
" intrinsic layer 23. when photodetector 70 i- 
employed as a detector of UV and/or visible light, the 
thicKness of layer 22 is preferably between about 5 
and 22 nm. When photodetector 70 is employed for 
detecting visible li ght , without reg „ d fco detection 

; The light transmission of layer 22 may be 
altered by controlling the structure of layer 22 or by 
adding an alloying element to it. m the former case 

Wnt ^ ^ miCr ° C ^ sta Hl- ^licon, which is 
known to have a higher light transmissivity than its 
amorphous silicon counterpart. Mi cr o cry s t al 1 ine 
sUxcon is considered disordered, but not as disor- 
dered as amorphous silicon. r n the latt „ ^ 
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layer 22 is amorphous silicon, an energy band gap 
altering alloying element such as germanium, nitrogen 
or carbon may be added. Germanium reduces the energy- 
gap so that less light is transmitted. By contrast, 
nitrogen and carbon widen the energy gap improving 
light transmission. 

In layer 23, charge carriers are created 
that produce a current indicating the presence of 
incident light. The quantity of charge carriers 
produced indicates the intensity of incident light. 
Intrinsic layer 23 is made much thicker than layers 21 
and 22 in order to absorb incident light efficiencly. 
Layer 23 may be 100 to 500 nm in thickness, and is 
preferably 200 to 300 nm in thickness, in a photo- 
15 detector intended for use in the UV to visible light 
spectral regions. Since the light absorption of 
amorphous silicon decreases with the energy of the 
incident light, in a photodetector intended for visi- 
ble to infrared detection, layer 23 may have a thick- 
ness of 200 nm to 1 micron. The thickness of layer 21 
is less critical than the other thicknesses, since 
most of the incident light is absorbed in layer 23. 

Examples of the spectral response perform- 
ance of photodetectors according to the invention and 
25 intended for high quality UV response are disclosed 
above. The low noise performance of similar devices 
was determined from various measured characteristics 
that -do. not depend on incident light or the particular - 
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C " reSP ° Me < h «*««'«ies of photodetectors 
ac o rdl to the invention noise per£Qrma 

the novel photodetectors was co-pared to reacts 
obtained for co^ercially avaUaMe crystalline si,,! 

slt P tr? teCt0rS ^ ^ 9aUIUm "'»"« *»P»^ 
Schottky barrier UV photodetectors . 

In FIG.. 8, the dark current density m 

ZTrl VOUage reSP ° nSe £ " 3 P-otodetec 

. cordm, to the invention (curve A) , for a crystal- 
line Silicon photodetector (curve B, and for a 
Ha^atsu schottky harrier photodetector (curve c- 
a- pitted. The photodetector accordin, to the 

dud T S " n£,,:rUCted fr °°" amorphous silicon and in- 
cluded doped Xayers approximately 12 to 15 na, in 
thickness and a substantially intrinsic central Xayer 
approximate^ 25 0 » in thickness . ^ 
sure„ents described were made without incident light 
th thickness of the front contact is not a s ig „ I£ I 
cant parameter. In the pnotodetector reporteo the 
front contact was a Htm „»•.,■ ' the 

matelv is ,. J lndlUm oxid * approxi- 

«as tin rt T ^ thlCkneSS » 4 ">= ~»" contact 
»as a tin oxide m*. The ti „ oxide 

".d on a nlass substrate. As 3tlom in „ 0 , P °* 

of a crystdr ° rder ° f " a9 " itUde S " aUer th « *at 
crysta.Un, silicon photodetector (B, and -ore 
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than two orders of magnitude lower than that of the 
Schottky barrier photodetector . (C) . 

In FIG. 9, the current versus reverse bias 
voltage characteristic for the photodetector according 
to the invention is plotted as a function of tempera- 
ture. The information provided in FIG. 9 is important 
in calculating the noise characteristics of the novel 
photodetector. In FIG. 10, the current flowing 
through a photodetector according to the invention 
under various reverse bias voltages is plotted against 
the inverse temperature of the photodetector. FIG. 10 
shows that the activation energy of the amorphous 
silicon photodetector is about 0.85 electron volts, 
which is approximately one-half of the energy band gap 
15 of hydrogenated amorphous silicon. The information 
plotted in FIG. 9 indicates that the dominant current 
mechanism in a reverse bias photodetector according to 
the invention is a generation-recombination current. 
This result, compared with that for crystalline sili- 
20 con, is consistent with the wider energy band gap of 
amorphous silicon that discourages the diffusion 
current mechanism. 

From the measured characteristics of FIGS. 
8-10, the noise characteristics of the novel photo- 
detectors can be calculated and compared to those of 
crystalline silicon and Schottky barrier photode- 
tectors. In FIG. 11, an equivalent circuit employing 
a photodetector in combination with an amplifier and 
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filter for calculation of noise characteristics is 
schematically shown. Photodetector 90 comprises an 
ideal dxode 91 electrically connected in parallel with 
a resistor 92 and a capacitor 93. Resistor and ca- 
Pacxtor 92 and 93 represent equivalent electrical 
elements that are characteristic of an actual photo-" 
dxode. Araplifier 94 is preferaMy ^ Qperationai 

amplxfxer. For the described noise calculations, the 

characteristics of a Burr-Brown 3528 CH amplifier were 

selected for amplifier 94. a feedback resist 95 

connects the output terminal of amplifier 94 with its 

negative sense input terminal. A filter 96 having 

sharp cutoff frequencies is connected to rh* 

^ yil «ctiea to the output 

terminal of amplifier 94. The noise is measured at 
the outpat o£ fllter 96 uhich peraus ^ 

various sampling bandwidths. 

For the operational amplifier employed in 
the noise calculations, the input bias current"^ 7 s 

The input capacitance of the amplifier is 0.8 P ico- 

amolif' T inPUt V ° lta,e n ° iSe ° f '-"rational 
amplifier in the l/freguency regime is egua! to the 

inherent noise voltage of the amplifier divided by the 

sguare root of the freguency raised to a power of 

selected Ts" ""'^ ,f ^ »P"«» 

selected is about 475 nanovolts. Feedback resistor ,5 

rl tea :r " 1 5 ° «*> ".cult was di- 

rected specifically at low light level detection 



WO 89/03593 



33 



PCT/US88/03579 



10 



Under the. conditions chosen, shot noise in the photo- 
current, in the amplifier input Current and in the 
amplifier voltage are ail negligible. Based on that 
assumption, the only noise sources are Johnson noise 
in feedback resistor 95, Johnson noise in the zero 
bias resistance of the photodiode, interaction of the 
amplifier noise with the input capacitance and inter- 
action of the amplifier voltage noise with the input 
resistance . 

In the comparison, a crystalline silicon 
EGiG UV-215BQ detector which has an active area of 
about 5 mm 2 was chosen. The equivalent resistance of 
the EGkG photodetector is 2 x 10 8 ohms at 22°C. Its 
input capacitance is 150 picofarads. The Hamaraatsu 
i5 G1126-02 gallium arsenide phosphide photodiode has a 
similar active area and an equivalent resistance of 
2.1 x 10 10 ohms at 22°C and an input capacitance of 
1.8 nanofarads. The equivalent resistance of the 
novel photodetector was obtained by extending the 10 
20 millivolt curve of FIG . 10 to 22°C to calculate the 
equivalent resistance, which was 5.5 x 10 11 ohms. The 
measured input capacitance of the novel photodetector 
was 4.2 nanofarads. 

In making the noise calculations, the 
equivalent resistance of the crystalline silicon and 
Schottky barrier photodiode was assumed, based on 
actual measurements, to decrease by a factor of 10 for 
each 20°C rise in the temperature cf the diode. 
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Changes in the equivalent resistance of the novel 
pnotodetector were obtained from FIG . 10. FIG 10 
indicates that each 20<>c increase m temperature 
results in a decrease by a factor of six of the 
equivalent resistance of the novel pnotodetector. 
further, it is assumed that the equivalent capacitance 
or all the photodiodes is independent of temperature 
and frequency. 

The root mean square (rms) noise current of 
the novel pnotodetector (curve A) and of the crystal- 
line silicon (curve 5 ) and gallium arsenide (curve C) 
photodetectors are clotted m FIGS . i2A and 12B as a 
function of temperature for two different bandwidth* 
or filter 96 of FIG. 11. In FIG . 12A che bandwidth is 
15 0.1 Hertz (Hz) and in FIG. 12B the bandwidth is 1.0 
Hz- FIGS. 12A and 12B show that, in contrast to the 
known photodetectors. the noise current in the novel 
Photodetector is essentially independent of tem P era- 
ture in the range from about 2 2 o C (room temoerature) 
20 to 80O C . m every case, the noise current is of th- 
novel photodetector substantially below that of crys- 
talline silicon. A significant advantage is also 
obtained over the Schottky barrier photodetector at 
elevated temperatures. The performance of the novel 
Photodetector is clearly superior to that of the 
gaiiium arsenide phosphide diode at temperatures of 
60 C and higher. As the bandwidth of filter 95 iS 
reduced, the temperature at which the advantage of the 
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novel photodetector over the Schottky barrier photo- 
detector occurs is significantly reduced. 

The calculations that produced the results 
shown in FIGS. 12A and 12B assume that the capacitance 
of the novel photodetector is independent of frequency 
and temperature. However, it is known that so-called 
traps lying within the energy band gap of amorphous 
silicon will cause the capacitance of the novel photo- 
detector to follow a modulated signal if the freauency 
or that signal is low and the device temperature is 
relatively high. We" found that the. capacitance of the 
novel photodetector changed from 4.2 nanofarads at 1 
kHz and 220 C to 5.9 nanofarads at 1 Hz and 80°C. When 
this change in capacitance is taken into account, the 
80° C point on curve A in FIG. 12B chancres to the point 
marked with an x. The correction is a small one 
indicating that the results of FIGS. 12A and 12B are 



reliable. 



The chosen amplifier 94 exhibited a rela- 
tively amplifiers having lower noise voltages can be 
chosen so that still better performance of the novel 
Photodetector can be realized. in practice, it is 
preterable to mount the amplifier, preferably as an 
integrated circuit chip, and the photodetector on the 
25 same mounting body. i„ that arrangement, the inter- 
connections between the amplifier and Photodetector 
can be kept short to avoid receiving additional noise 
^n addition, use of the same mounting body means that 
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the amplifier and photodetector will be in thermal 
communication and will be maintained at similar tem- 
peratures, reducing another potential noise source. 
The amplifier is not limited to an operational ampli- 
fier, but may be a preamplifier, and even a digital 
amplifier. 

The invention has been described with re- 
spect to certain preferred embodiments. Various 
modifications and additions within the spirit of the 
invention will occur to those of skill in the art. 
Accordingly, the scope of the invention is limited 
solely by the following claims. 
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1. A photovoltaic device responsive to 
incident energy in the ultraviolet range of the elec- 
tromagnetic spectrum comprising: 

an at least partially electrically 
conductive layer, a body of amorphous silicon disposed 
on said layer, and a thin film of an electrically 
conductive, 1 ight-transmissi ve oxide for receiving 
incident light disposed, on said amorphous body oppo- 
site said layer, said 1 ight-transmi ssi ve oxide film 
having a thickness- of less than about 30 nm. 



2. The device of claim 1 wherein said oxide 
film is chosen from the group consisting of indium 
oxide doped with tin and tin oxide. 



3. The photovoltaic device of claim 1 
wherein said oxide layer has a thickness of at least 
about 15 nm. 
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4. The device of claim 1 wherein said body 
of amorphous silicon includes an essentially intrinsic 
region sandwiched between p-type and n-type regions, 
said three regions being disposed on said layer for 
serial passage of light through them. 



5. The device of claim 4 wherein said 
intrinsic region has a thickness of no more than about 
500 nm. 



6. The device of claim 4 wherein said 
intrinsic region has a thickness of no more than about 
250 nm. 



7. The device of claim 4 wherein the region 
of said amorphous silicon body in contact with said 
oxide film comprises microcrystal iin 
con. 



ine amorphous siii- 



8. The device of claim 4 wherein the region 
of said amorphous silicon body in contact -with said 
oxide f ilm contains a band g ^ p Incteasing agent cQn _ 

sistmg of one of carbon and nitrogen. 
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9. The device of claim 1 wherein said 
layer comprises a substrate providing mechanical 
support for the device. 



10. The device of claim 9 wherein said 
substrate comprises glass coated with an electrically 
conducting film. 



11. THe device of claim 9 wherein said 
substrate is selecced from the group consisting of 
metals, metallic alloys, and silicon. 



12. The device of claim 1 wherein said body 
of amorphous silicon comprises a doped film of one of 
p-type and n-type conductivities and said layer is 
crystalline silicon doped oppositely from said amor- 
5 phous silicon. 



13. The device of claim 12 wherein said 
doped amorphous silicon film is n-type and said crys- 
talline silicon is p-type. 
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14. The device of claim 12 wherein said 
amorphous silicon film is microcrystalline silicon. 



15. The device of claim 12 wherein said 
amorphous silicon film contains a band gap increasing 
agent consisting of one of carbon and nitrogen 



16. The device of claim 1. including a 
second transparent film disposed on said oxide film 
opposxte said amorphous silicon body for alterina the 
optical interference characteristics of- said oxide 



film alone. 



17. The device of claim 16 wherein said 
second transparent fii m is selected from the group 
consisting of silicon dioxide, silicon nitride, mag- 
nesium fluoride, and calcium fluoride. 
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18.. The device of claim 16 including a 
third transparent film disposed on said second trans- 
parent film opposite said oxide film for altering the 
optical interference characteristics of said oxide* 
film and second transparent film together. 

19. The device of claim 1 including a 
metallic current collector disposed on a portion of 
the oxide film. 



20. The device of claim 1 including an 
ultraviolet light-transmitting glass substrate con- 
tacting said oxide film. 



21. The device of claim 20 wherein said 
glass substrate is quartz. 



22. The device of claim 20 wherein said 
oxide film is tin oxide. 
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23. The device of claim 20- wherein said 
body cf amorphous silicon includes an essential^ 
intrinsic region sandwiched between p-type and n-type 
regions, said three regions being disposed on said 
film for serial passage of light through them 



24. The device of claim 23 wherein the 
regxon in contact with said oxide film contains a band 
gap increasing agent consisting of one of carbon and 
nitrogen. 



25. The device of claim 23 wherein said 
intrinsic region has a thickness of no more than about- 
500 nm. 



26. The device of claim 23 wherein said 
intrinsic region has a thickness Qf ^ 

250 hm. 



27. The device of claim 20 including a 
second transparent f ilm disposed on said substrate 
opposite said oxide fii a for aitering thft 

interference characteristics of said glass substrate 
alone. 
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28. The device of claim 27 wherein said 
second transparent film is selected from the .group 
consisting of magnesium fluoride and calcium fluoride. 



29. The device of claim 27 including a 
third transparent film disposed on said second trans- 
parent film opposite said glass substrate for altering 
the optical interference characteristics of said- glass 
and second transparent film together. 



30. A method of detecting relatively weak 
light signals comprising employing as a photodetector 
a semiconductor diode including a transparent, elec- 
trically conductive oxide, on which light is incident, 
as a first contact, a disordered silicon body includ- 
ing three layers serially disposed on said first 
contact transversely to the direction of incident 
light, the two outer layers being n-type and p-type, 
respectively, and. the central layer being of substan- . 
tialiy intrinsic conductivity type, and a second 
contact disposed on said silicon body opposite said 
first contact, impressing a reverse bias voltage 
across said silicon body through said first and second 
contacts, and measuring changes m the current flowing 
through said reverse biased diode in reference to said 
current flow when the biased diode is not illuminated. 
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31. The method of claim 30 wherein said 
silicon body includes a microcrystalline silicon layer 
contiguous to said front contact and said other two 
layers are amorphous silicon. 



32. The method of claim 30 wherein said 
body includes an amorphous silicon alloy in said layer 
contiguous to said front contact, said alloy contain- 
ing one of germanium, carbon, and nitrogen to modify 
the energy band gap and spectral response of said 
diode. 



33. The method of claim 30 wherein said 
silicon body is composed of amorphous silicon. 



34. The method of claim 33 including ad- 
justing the thickness of said layer contiguous to said 
first contact to transmit most of the incident energy 
in a selected spectral region to said substantially 
intrinsic layer. 

35. The method of claim 34 including de- 
tecting ultraviolet light wherein the thickness of 
saxd layer contiguous to said first contact is ad- 
justed to less than about 20 nanometers. 
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36. The method of claim 30 including ad- 
justing the .thickness of the front contact to improve 
the response of the photodetector in a selected spec- 
tral region. 



37. The method of claim 36 including de- 
tecting ultraviolet light wherein the thickness of 
said front contact is adjusted to less than 30 
nanometers. 



38. The method of claim 30 including am- 
plifying said changes in the current flow with an 
amplifier. 
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39". The method of claim 38 including mount- 
ing the amplifier and photodetector on the same mount- 
ing body to reduce the length of interconnections 
between the amplifier and photodetector and to main- 
tain the photodetector and the amplifier at similar 
temperatures. 



40. The method of claim 30 wherein thi 
temperature of said diode is greater than about 40°C. 
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